Wnt-signal transduction is critical for development and tissue homeostasis in a wide range of animal species and is frequently deregulated in human cancers. Members of the Frat/GBP family of glycogen synthase kinase 3b (Gsk3b)-binding oncoproteins are recognized as potent activators of the Wnt/b-catenin pathway in vertebrates. Here, we reveal a novel, Gsk3b-independent function of Frat converging on the activation of JNK and AP-1. Both these have been used as readouts for the noncanonical Frizzled/PCP pathway, which controls polarized cell movements and the establishment of tissue polarity. We find that Frat synergizes with Diversin, the mammalian homolog of the Drosophila PCP protein diego, in the activation of JNK/ AP-1 signaling. Importantly, Frat mutants deficient for binding to Gsk3b retain oncogenic activity in vivo, suggesting that Wnt/b-catenin-independent events contribute to Frat-induced malignant transformation. The observed activities of Frat are reminiscent of the dual function of Dishevelled in the Wnt/b-catenin and Frizzled/ PCP pathways and suggest that Frat may also function to bridge canonical and noncanonical Wnt pathways.
Introduction
Wnt-signaling controls a variety of biological processes, including cell proliferation, cell-fate decisions, and polarized cell movements. As such, it is crucial for development and tissue homeostasis in species throughout the animal kingdom. Although Wnt proteins can elicit multiple intracellular responses, activation of the so-called 'canonical' or 'Wnt/b-catenin' pathway is currently best understood. In the absence of extracellular Wnt, free cytoplasmic b-catenin is sequestered by a multiprotein complex containing APC, Axin1, casein kinase I, and glycogen synthase kinase 3b (Gsk3b). Sequential phosphorylation of b-catenin by the latter two kinases ensures its rapid degradation by the proteasome (Figure 1a ). Binding of Wnt to the Frizzled/LRP transmembrane receptor complex results in inhibition of Axin and Gsk3b, allowing the accumulation of transcriptionally active b-catenin/TCF complexes ( Figure 1b ). The initiation of Wnt/b-catenin signaling remains an area of intense study, and although some of the initiating events at the cell membrane have been revealed (Bilic et al., 2007; Zeng et al., 2008) , the precise mechanism behind Gsk3b inhibition remains to be resolved.
In vertebrates, members of the Frat/GBP family of Gsk3b-binding proteins have been shown to compete with Axin for binding to Gsk3b (Yost et al., 1998; Li et al., 1999a; Ferkey and Kimelman, 2002; Fraser et al., 2002) , thereby disrupting the destruction complex and causing the accumulation of b-catenin (Figure 1c ). Whereas the amphibian Frat ortholog GBP is critically required for axis formation in Xenopus as part of the maternal Wnt pathway (Yost et al., 1998) , Frat tripleknockout mice are viable without any overt phenotypic aberrations, indicating that Frat is not essential for Wnt/b-catenin signaling in mammals . However, in support of a function for Frat in canonical Wnt-signal transduction, the endogenous Frat-expression pattern shows remarkable overlap with known anatomical sites of active Wnt/b-catenin signaling (Maretto et al., 2003; . This, together with the fact that Frat remains one of the most potent activators of b-catenin/TCF signaling identified to date, suggests that Frat acts as a modifier to amplify canonical Wnt-pathway activity only under specific circumstances.
The founding member of the Frat/GBP family, Frat1, was originally identified as a proto-oncogene in advanced murine T-cell lymphomas (Jonkers et al., 1997) . FRAT overexpression has been observed in a limited number of human malignancies (Saitoh and Katoh, 2001; Wang et al., 2006c) . FRAT1 was recently reported to be overexpressed in esophageal squamous cell carcinomas, in which its expression levels were shown to correlate with the accumulation of b-catenin (Wang et al., 2008) . However, we have been unable to find direct evidence for increased signaling through b-catenin/TCF in murine T-cell lymphomas with an activated Frat1 allele (our unpublished results), indicating that Frat might act on a divergent pathway in this context.
Frat/GBP has earlier also been shown to interact with Dishevelled (Yost et al., 1998; Li et al., 1999a; Fraser et al., 2002) . This observation has thus far been explained by a model in which Frat bridges signaling from Dvl to Gsk3b in activation of the Wnt/b-catenin pathway. However, Dishevelled has a dual function, and in addition to activating the Wnt/b-catenin pathway, it is also required for the establishment of tissue polarity ( Figure 1d ; Wallingford et al., 2000; Hamblet et al., 2002; Wang et al., 2006a; Etheridge et al., 2008) . Here, it functions as a critical component of a 'noncanonical' Wnt pathway, hereafter referred to as Frizzled/PCP signaling, mediated through JNK and AP-1 (reviewed in Fanto and McNeill, 2004; Klein and Mlodzik, 2005; Jones and Chen, 2007; Wang and Nathans, 2007) .
We hypothesized that Frat might also have a dual function. Our data show that Frat activates JNK and AP-1 in a Gsk3b-independent manner and to a similar degree as Dvl. Of note, the Gsk3b-binding domain of Frat is dispensable for its oncogenic activity. We further find that Frat synergizes with Diversin, the mammalian homolog of the Drosophila PCP protein diego, in the activation of both b-catenin/TCF and JNK/AP-1 signaling. (25, 50 , and 100 ng of DNA transfected) of Dvl2, Frat1, and Frat2 are all able to induce Wnt/b-catenin signaling in 293T cells, as evidenced by the concentration-dependent activation of the b-catenin/TCFresponsive TOPFLASH luciferase reporter. Frat2 is the least potent in this assay. Inset is a western blot depicting the expression levels of Frat1, Frat1DC and Frat2 after detection with an antibody directed against the myc-tag. (f) Increasing amounts (50, 100, and 300 ng of DNA transfected) of Frat2 and Dvl2, but not Frat1, induce a dose-dependent response of an AP-1 luciferase reporter containing seven multimerized AP-1 consensus sites. This effect is not merely because of a difference in protein stability between Frat1 and Frat2, as Frat1DC, which accumulates to higher levels than Frat1 (van Amerongen et al., 2004) , is also unable to activate AP-1-dependent transcription. Data are represented as mean±s.e. Inset is a western blot depicting the expression levels of Frat1, Frat1DC, and Frat2 after detection with an antibody directed against the myc-tag.
Frat activates JNK/AP-1 independent from GSK3 R van Amerongen et al
As we also observe endogenous expression of Frat2 at anatomical sites displaying Frizzled/PCP-pathway activity, we propose that Frat proteins function at the crossroad of Wnt/b-catenin and Frizzled/PCP-signaling pathways. This study does not only reveal an unexpected and novel Gsk3b-independent activity for Frat/GBP proteins in oncogenesis, but also fits with the notion that crosstalk between Wnt/b-catenin and Frizzled/PCP signaling represents an additional layer of regulation of Wnt-induced signaling events.
Results

Frat2 activates AP-1
Dishevelled homolog from Drosophila and Xenopus as well as murine Dvl1 and Dvl2 have all been shown to activate JNK in mammalian NIH3T3 fibroblasts and 293T cells (Boutros et al., 1998; Li et al., 1999b; Habas et al., 2003) . Consequently, JNK kinase assays have been used to readout Frizzled/PCP-pathway activity in mammalian cells. In addition, generic AP-1 luciferase constructs can be activated by a number of Frizzled/ PCP-pathway components, including Wnt5A (Hocevar et al., 2003) and Dvl (Li et al., 1999b; Hocevar et al., 2003; Cong et al., 2004) . We, therefore, sought to determine whether, similar to Dvl, Frat might be able to activate JNK and AP-1 in mammalian cells. As shown earlier, Dvl2, Frat1, and Frat2 activate a Wnt/b-catenin-responsive TOPFLASH luciferase reporter in a concentration-dependent manner (Figure 1e ). In agreement with our earlier observations, Frat2 is less potent in inducing Wnt/b-catenin signaling than Frat1 (van Amerongen et al., 2004) . In contrast, when we compared Dvl2, Frat1, and Frat2 for their ability to activate AP-1 luciferase reporter activity in these cells, we found that both Dvl2 and Frat2, but not Frat1, induced AP-1 activity in a dose-dependent manner ( Figure 1f and Supplementary Figure 1a) . As Frat1DC, which accumulates to higher levels than Frat1 (Figure 1e and f; van Amerongen et al., 2004) , is also unable to activate AP-1-dependent transcription, the observed effect is unlikely to be solely because of a difference in protein levels between Frat1 and Frat2.
Dvl2 and Frat2 induce endogenous JNK kinase activity and phosphorylation of c-Jun Dvl2 has earlier been shown to activate JNK when both proteins were expressed exogenously (Li et al., 1999b) . To test whether Dvl2 and Frat2 were able to activate endogenous JNK, we performed a JNK kinase assay on lysates from 293T cells overexpressing either Dvl2 or Frat2. We observed increased levels of endogenous JNK kinase activity in cells stimulated with anisomycin and in cells transfected with Dvl2 or Frat2 compared with vector control cells (Figure 2a and Supplementary Figures 2a and b) . In an attempt to more directly link AP-1 reporter gene activation to the induction of JNK kinase activity, we probed the same lysates for the activation status of endogenous c-Jun using a phospho-specific antibody directed against the JNK target residue, Ser63. In agreement with the observed increase in JNK kinase activity, we detected elevated levels of endogenous phospho-Ser63 c-Jun in cells overexpressing Dvl2 or Frat2 (Figure 2b and Supplementary Figure 2b ). Addition of an ATP-competitive small molecule JNK inhibitor (SP600125) prevented the activation of JNK and restored phospho-Ser63 c-Jun levels to wild type (Figures 2c and d ; Supplementary  Figures 2f and g ). Thus, Dvl2 and Frat2 activate the AP-1 protein c-Jun at least in part through JNK.
Frat1
IAQA and Frat2 IAQA are defective in b-catenin/TCF signaling Frat-mediated activation of b-catenin/TCF signaling results from its binding to and inhibition of Gsk3b. As neither Gsk3b nor b-catenin/TCF has been implicated in Frizzled/PCP signaling, we hypothesized that the observed activation of JNK and AP-1 reflected a novel, Gsk3b-independent activity of Frat. The Gsk3b-binding domain of Frat has been mapped to a small, evolutionary conserved stretch of amino acids in the C-terminus ( Figure 3a) . Mutation of the C-terminal IKEA-box into IAQA ( Figure 3b ) has earlier been shown to disrupt Gsk3b binding in the Xenopus Frat homolog GBP (Yost et al., 1998) .
To allow discrimination between the Gsk3b-dependent and -independent activities of Frat, we generated expression constructs encoding mutant Frat proteins in which the IKEA sequence had been mutated into IAQA. Western blot analysis showed that mutant and wild-type proteins were expressed at similar levels ( Figure 3i ). We next compared wild-type and mutant Frat side by side in a TOPFLASH luciferase reporter assay for b-catenin/ TCF signaling. As expected, the activity of Frat1 IAQA toward Gsk3b was completely abolished. The activity of Frat2 IAQA was also markedly reduced, although it retained up to 30% of its activity for reasons that are presently unknown (Figure 3c ). A similar effect was observed when we tested Frat and Frat IAQA toward inhibition of a second, independent Gs3kb target (Supplementary Figure 3) . Thus, a comparison of wild-type Frat and Frat IAQA allows discrimination between Gsk3b-dependent and -independent signaling events.
AP-1 activation by Frat2 is Gsk3b independent
To test whether Frat-mediated activation of JNK and AP-1 was Gsk3b independent, we first tested the induction of AP-1 luciferase reporter activity by Frat1 or Frat2 in the presence of the pharmacological Gsk3b inhibitor SB-216763 ( Figure 3d and Supplementary  Figure 1b) . Although SB-216763 induced TOPFLASH activity up to 70-fold, it did not significantly alter AP-1 activity, either in the presence or absence of Frat. Furthermore, the Gsk3b-binding deficient Frat2 IAQA mutant was also able to induce the AP-1 luciferase reporter ( Figure 3e and Supplementary Figure 3c ). In fact, we found Frat2
IAQA to be a more potent activator of AP-1-dependent transcription than Frat2, even though
Frat activates JNK/AP-1 independent from GSK3it has lost most of its activity in Gsk3b-dependent signaling events (compare Figure 3e with 3c ). This might be explained by the fact that wild-type Frat2 can be sequestered by Gsk3b, which draws it into the Wnt/bcatenin pathway, whereas the total Frat2 IAQA pool is available for activating JNK and AP-1.
Although Frat1 Frat/GBP orthologs studied to date show strong conservation of the C-terminal Gsk3b-binding domain. A short peptide (FRATtide) comprising amino-acids 188-226 from human FRAT1 is sufficient to inhibit GSK3 (Thomas et al., 1999; Bax et al., 2001) . Mutation of the IKEA-box to IAQA has been shown to disrupt Gsk3b binding in Xenopus GBP (Yost et al., 1998) Frat2, but not Frat1, is expressed at sites of Frizzled/PCP-pathway activity Our in vitro experiments suggested a Gsk3b-independent activity that was more prominent for Frat2 than for (Figure 4) . Whereas Frat1 and Frat2 are coexpressed in a number of different tissues known to display active Wnt/b-catenin signaling , we found that Frat1 and Frat2 were mutually exclusively expressed in the different cell types of the murine cochlea. Both Frat1 and Frat2 were expressed in the spiral ganglion of the cochlear modiolus. In addition, Frat1 was also expressed in nonsensory supporting cells adjacent to the neuroepithelium (Figure 4a ). Remarkably, Frat2 was specifically expressed in the neurosensory cells of the organ of Corti (Figure 4b ). When the X-gal-stained cochleas were sectioned, Frat2 expression was confirmed to be present in both the inner and outer hair cells, which are the cells responsive to Frizzled/PCP signaling (Figure 4c) . Importantly, expression of Frat2 does not coincide with Wnt/b-catenin signaling in the murine cochlea, as neither BATGAL nor Axin2-lacZ mice, two different b-catenin/TCF reporter mice, express lacZ in inner ear hair cells (Qian et al., 2007 and data not shown) . Its expression pattern is, however, remarkably similar to that of Frizzled3 and Frizzled6 (Wang et al., 2006b) , both of which are involved in the establishment of PCP in the mouse cochlea. Analysis of the inner ear hair cell orientation in Frat triple-knockout mice failed to reveal (Figure 5c ; Supplementary Figures 1d and e) . In contrast, Frat activates JNK/AP-1 independent from GSK3we observe that Diversin synergizes with both wild-type Frat2 and Frat2
IAQA in the activation of AP-1, underscoring that this is a separate, Gsk3b-independent activity (Figure 5d ; Supplementary Figures 1d and e) . Interestingly, Frat1 and Frat1
IAQA were also able to activate the AP-1 reporter in the presence of Diversin, albeit less efficient than Frat2.
To further investigate the mechanism behind the observed synergy between Frat and Diversin, we took advantage of a series of Diversin deletion mutants generated by Moeller et al. (2006) (Figure 5a) ), which allowed us to test the requirement of the Axin2/ conduction-binding domain (CBD) of Diversin for the observed synergy with Frat in activation of the two branches of the Wnt pathway.
Synergy between Frat2 and Diversin in activation of the Wnt/b-catenin pathway was solely dependent on the Diversin CBD domain, as evidenced by the fact that DIV-CBD, expressing only the Axin2-binding domain, was capable of enhancing TOPFLASH induction by Frat2, whereas all synergy was lost in the DIV-DCBD mutant lacking only the Axin2-binding domain (Figure 5e and Supplementary Figure 1f) . In contrast, synergy between Frat2 and Diversin in Frizzled/PCPpathway activation was only observed for full-length Diversin and DIV-DCBD, suggesting that this effect occurred independent from Axin ( Figure 5f and Supplementary Figure 1f) . Thus, Frat synergizes with Diversin in Wnt/b-catenin signaling in an Axin-and Gsk3b-dependent manner. In contrast, Frat and Diversin promote JNK/AP-1 signaling independent from Axin and Gsk3b.
Frat1 and Frat2-driven T-cell lymphomagenesis in mice occurs independent of Gsk3b Frat1 was originally identified in a retroviral insertional mutagenesis screen designed to uncover genes that were specifically involved in later stages of tumor progression. As such, activation of Frat1 was predominantly observed in advanced disease after transplantation of M-MuLV-induced murine T-cell lymphomas (Jonkers et al., 1997) . Whereas we did observe an association between Frat1 and Gsk3b in the T-cell lymphomas in which Frat1 was first identified, we have so far been unable to obtain conclusive evidence showing increased b-catenin/TCF signaling in these tumors (data not shown).
Given that Frat1 is a more potent activator of the Wnt/b-catenin pathway than Frat2 (van Amerongen et al., 2004) , we asked whether Frat2 could also promote tumorigenesis. In light of the newfound Gsk3b-independent activity of Frat toward JNK and AP-1, we also sought to determine whether the Gsk3b-dependent or -independent activities contribute to the function of Frat in tumor progression.
At present, a direct function in oncogenesis has only been shown for Frat1. High throughput M-MuLV insertional mutagenesis screens have revealed proviral integrations that might cause activation of Frat2 (J Kool, personal communication), but these insertions
have not yet been shown to result in an increase in Frat2 levels. Likewise, the original tumor panel in which Frat1 was first identified contained a limited number of tumors that appeared to harbor proviral insertions in the Frat2 promoter. However, we were unable to detect a fusion transcript or an increase in Frat2 expression levels in these tumors (our unpublished results). Analogous to the situation observed for the Pim proto-oncogenes (van der Lugt et al., 1995; Mikkers et al., 2002) , Frat2 might only become a predominant target for M-MuLV insertions in a Frat1-knockout background, in which case it might complement the loss of Frat1. To test this hypothesis, we injected newborn mice that were either wild type (Frat1 þ / þ ), or had lost one (Frat1
) alleles of Frat1 with M-MuLV and monitored lymphoma incidence (Supplementary Figure 4) . Although tumor formation was slightly delayed in Frat1 þ /À and Frat1 À/À mice, Southern blot analysis did not reveal any retroviral insertions in the vicinity of Frat2. Thus, loss of Frat1 does not substantially increase the selective advantage of cells carrying a provirally activated Frat2 in primary lymphomas.
We earlier observed that overexpression of Frat1 enhances the sensitivity to tumorigenesis as illustrated by the fact that Frat1/Pim1 double-transgenic mice show a higher incidence of spontaneous lymphomas compared with Pim1-transgenic mice alone (Jonkers et al., 1999b) . To determine the function of Frat2 as well as the Gsk3b-binding domain of Frat in tumor formation, we performed bone marrow transplantation assays of Pim1-transgenic bone marrow transduced with retroviral vectors encoding either wild-type Frat1 or Frat2, or the Gsk3b-binding mutants Frat1
IAQA and Frat2 IAQA . Figure 6 shows the rate of tumor onset after transplantation of the infected bone marrow into irradiated recipients. Mice that received Pim1-transgenic bone marrow transduced with either Frat1 or Frat2 developed lymphomas with faster kinetics than controls, which received Pim1-transgenic bone marrow transduced with empty vector. Thus, Frat2 functions as an oncogene and, similar to Frat1, synergizes with Pim1 in lymphomagenesis. Remarkably, mice that received Pim1-transgenic bone marrow transduced with either Frat1 IAQA or Frat2 IAQA also showed an increase in lymphomagenesis compared with controls, indicating that at least part of the oncogenic activities of Frat1 and Frat2 proceed independent from Gsk3b and Wnt/bcatenin signaling.
Discussion
Frat/GBP proteins are potent activators of b-catenin/ TCF signaling. Efforts determining to what extent Frat might influence other cellular processes have remained limited. Here, we show for the first time that Frat has biological activities other than inducing b-catenin/TCF signaling, and we provide evidence for a Gs3kb-independent function of Frat in the activation of JNK and AP-1. Of note, Frat mutants deficient in Wnt/b-catenin signaling retain oncogenic activity. This, together with the fact that we find Frat2 to be expressed at sites of known Frizzled/PCP activity, suggests that in vivo Frat functions at least in part independent of Gsk3b and b-catenin/TCF.
Both murine Frat1 and Xenopus GBP were earlier shown to interact with Dvl. This interaction was initially proposed to bridge transmission of a 'canonical' Wnt signal from Dvl to Gsk3b (Li et al., 1999a) . However, Dvl is also a core PCP protein and as such it has been considered as the bifurcation point of canonical and noncanonical Wnt pathways (Theisen et al., 1994; Boutros et al., 1998; Li et al., 1999b; Wallingford et al., 2000) . The activation of both JNK and AP-1 has been used to read out Frizzled/PCP-pathway activation in mammalian cells. We show that Frat2, but not Frat1, is able to induce AP-1 activity in 293T cells as efficiently as Dvl2 in a dose-dependent manner (Figure 1 and Supplementary Figure 1) . We further show that Frat2 causes an increase in endogenous JNK kinase activity and activated c-Jun levels (Figure 2) . Importantly, these activities are Gsk3b independent (Figure 3 and Supplementary Figure 1) .
Interestingly, we also find that Frat2, but not Frat1, is expressed in inner ear hair cells (Figure 4) . Analysis of Frat triple-knockout mice has so far failed to expose any phenotypic abnormalities in either Wnt/b-catenin or Frizzled/PCP signaling, suggesting that cells do not critically require Frat under steady state conditions. As a result, the effects of Frat deficiency might only be revealed in a predisposed background. Alternatively, given that the endogenous Frat transcripts and proteins are short lived and expressed at borderline detection levels, the function of Frat might only become apparent when Frat protein levels are elevated in response to a particular, as of yet unknown, signal. In fact, it is precisely in one such setting that Frat1 was originally identified: stabilization of the Frat1 transcript after insertion of an M-MuLV provirus allowed Frat1 to exert its oncogenic activities in advanced stages of T-cell lymphomagenesis.
To test the relevance of the Gsk3b-independent effects of Frat in vivo, we, therefore, turned to a cancer model in which Frat1 has earlier been shown to provide a competitive advantage to the tumor cells. Here, we found that not only wild-type Frat1 and Frat2, but also the Gsk3b-binding mutants Frat1
IAQA and Frat2
IAQA
, are able to synergize with Pim1 in lymphomagenesis ( Figure 6 ). This is the first demonstration in which at least part of the oncogenic activities of Frat1 and Frat2 are independent of Gsk3b and possibly mediated through the Frizzled/PCP-pathway effectors JNK and AP-1, although at present the critical targets of Frat1 and/or Frat2 in lymphomagenesis remain unknown. Although we observe a slight increase in JNK activity induced by Frat1 and Frat1 IAQA , this does not translate into the induction of AP-1 signaling, except when Diversin is overexpressed (Figures 3 and 5 ; Supplementary Figure 2 ). Thus, Frat2 seems to be a more potent activator of JNK/AP-1 signaling than Frat1 or Frat1 IAQA . Although this difference can in part be explained by the difference in protein levels between Frat1 and Frat2 (Figures 1e, f and 3i; van Amerongen et al., 2004) , it is also likely caused by intrinsic differences between Frat1 and Frat2 that are currently not understood. Moreover, we clearly observe acceleration of lymphomagenesis by Frat1 IAQA in vivo, suggesting that in the hematopoietic system, the conditions are such that Frat1
IAQA can also IAQA , myc-Frat2, or myc-Frat2 IAQA , cells were transplanted into irradiated recipients, which were monitored for lymphoma development. (b) Compared with empty vector, both wild-type Frat1 (n ¼ 5; P ¼ 0.0494; log-rank (Mantel-Cox) test) and Frat2 (n ¼ 5; P ¼ 0.0221; log-rank (Mantel-Cox) test), as well as Frat1 IAQA (n-5; P ¼ 0.0221; log-rank (Mantel-Cox) test) synergize with Pim1 in lymphomagenesis. Although Frat2 IAQA (n ¼ 5; P ¼ 0.0888; log-rank (Mantel-Cox) test) failed to reach significance, it showed a similar trend. Animals were followed over a period of 470 days. Mice that died without any discernable signs of lymphoid tumors were considered censored subjects.
Frat activates JNK/AP-1 independent from GSK3 R van Amerongen et al induce a Gsk3b-independent response. Interestingly, Frat1 was earlier described to inhibit AP-1 signaling downstream of JNK by inhibiting the Gsk3b-dependent phosphorylation of c-Jun in neuronal cells (Hongisto et al., 2003) . This observation is not in conflict with our data, which show a Gsk3b-independent function for Frat in JNK/AP-1 signaling, but it does underscore once more that the function of Frat is likely to be context dependent.
On our combined observations, we propose a model in which Frat functions at the crossroad of Wnt/bcatenin and Frizzled/PCP pathways (Figure 7) . Although Frat1 and Frat2 are each able to activate both pathways depending on the cellular context, they do so with different affinities. Whereas Frat1 is more likely to sensitize cells toward the Gsk3b-mediated activation of b-catenin/TCF signaling, Frat2 preferentially causes the Gsk3b-independent activation of JNK and AP-1. Although other proteins, such as Naked (Yan et al., 2001) , Diversin (Schwarz-Romond et al., 2002) , and Inversin (Simons et al., 2005 ) also function as a switch between canonical and noncanonical Wnt pathways, they are usually reported to promote one branch, whereas inhibiting the other. Notable exceptions are Dvl and casein kinase Ie ( (Sakanaka et al., 2000; Klein et al., 2006; Strutt et al., 2006) , which perform a dual function in the activation of both b-catenin/TCF and Frizzled/ PCP signaling. Interestingly, casein kinase Ie was earlier shown to enhance the interaction between Dvl and Frat (Hino et al., 2003) . Furthermore, casein kinase Ie also binds to Diversin (Supplementary Figure 5) . It is tempting to speculate that these proteins might synergize in both b-catenin-dependent and -independent signaling events. In this respect, the dual activities of Frat are likely to underlie a more general, dynamic interaction between Wnt/b-catenin and Frizzled/PCP-pathway components. This notion is supported by the fact that Diversin strongly promotes signaling through b-catenin/ TCF in collaboration with Frat. Such crosstalk would provide cells with the flexibility and means to properly integrate upstream stimuli.
Materials and methods
DNA constructs
Generation of myc-tagged expression constructs encoding fulllength Frat1 and Frat2 or a Frat1 C-terminal deletion construct has been described before (van Amerongen et al., 2004) .
Frat1
IAQA and Frat2 IAQA were constructed by site-directed mutagenesis of myc-Frat1 and myc-Frat2. For retroviral infections, myc-Frat1, myc-Frat1 IAQA , myc-Frat2, and mycFrat2
IAQA were cloned into MSCV-IRES2-GFP, which was generated by cloning the IRES2 from pIRES2-DsRed (Clontech, Mountain View, CA, USA) into MSCV-IRES-GFP.
TOPFLASH was a gift from Dr Hans Clevers (Utrecht, The Netherlands), HA-Dvl2 was a gift from Dr Trevor Dale (Cardiff, UK), Diversin constructs were a gift from Dr Walter Birchmeier (Berlin, Germany), and GFP-NFATc1 was a gift from Dr Gerald Crabtree (Stanford, California, CA, USA). Additional constructs used were the AP-1 luciferase reporter (Stratagene, La Jolla, CA, USA), CMV-bgal (Clontech), and CMV-Renilla (Promega, Madison, WI, USA).
Animal experiments
All animal experiments were performed conform national regulatory standards approved by the DEC (Animal Experiments Committee). Generation of Frat1-and Frat2-knockout mice has been described before (Jonkers et al., 1999a; . A detailed description can be found in the Supplementary Materials and methods.
Cell culture and transfections 293T cells were grown in DMEM supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Gibco, Carlsbad, CA, USA) under 5% CO2 at 37 1C in humidifying conditions. On the day before transfection, cells were plated in 6-well plates (for kinase assays) or in 12-well tissue culture plates (for luciferase assays). Cells were transfected with a total amount of 1500 ng (for 6-well plates) or 500 ng (for 12-well plates) DNA per well using polyethylenimine (PEI, Polysciences Inc., Warrington, PA, USA). In all cases, empty pGlomyc was added to control for the total amount of DNA. Cells were treated with the JNK inhibitor SP600125 (20 mM stock in DMSO, SuperArray, Frederick, MD, USA) 24 h post-transfection and harvested another 24 h later. Protein concentration was determined using a colorimetric assay (BioRad, Hercules, CA, USA).
Luciferase assays 293T cells were transfected as described above with 50-100 ng of TOPFLASH or AP-1 luciferase reporter, 100 ng of CMVbgal, or 2 ng of Renilla and the indicated amounts of empty vector or various expression constructs. Cells were harvested 48 h post-transfection in reporter lysis buffer or passive lysis buffer (Promega) and analyzed with luciferase assay reagent (Promega) according to the manufacturer's instructions in a TopCounter (Packard, Meriden, CT, USA) or Berthold Lumat as described in the Supplementary Materials and methods.
Kinase assay 293T cells were transfected as described above with the indicated constructs. Cells were harvested 48 h post-transfection in cell lysis buffer (Cell Signaling, Danvers, MA, USA) and a kinase assay was performed using the JNK/SAPK kinase assay kit (Cell Signaling) according to the manufacturer's instructions (see Supplementary Materials and methods for a more detailed description). 
